Abstract. Oil palm and rubber plantations cover large areas of former rainforest in Sumatra, 1 Indonesia, supplying the global demand for these crops. Although forest conversion is known 2 to influence soil nitrous oxide (N 2 O) and nitric oxide (NO) fluxes, measurements from oil 3 palm and rubber plantations are scarce (for N 2 O) or nonexistent (for NO). Our study aimed to 4
(1) quantify changes in soil-atmosphere fluxes of N-oxides with forest conversion to rubber 5 and oil palm plantations, and (2) determine their controlling factors. In Jambi, Sumatra, we 6 selected two landscapes that mainly differed in texture but both on heavily weathered soils: 7 loam and clay Acrisol soils. Within each landscape, we investigated lowland forest, rubber 8 trees interspersed in secondary forest (termed as jungle rubber), both as reference land uses, 9
and smallholder rubber and oil palm plantations, as converted land uses. In the loam Acrisol 10 landscape, we conducted a follow-on study in a large-scale oil palm plantation for comparison 11 of soil N 2 O fluxes with smallholder oil palm plantations. Land-use conversion to smallholder 12 plantations had no effect on soil N-oxide fluxes (P = 0.58 to 0.76) due to the generally low 13 soil N availability in the reference land uses that further decreased with land-use conversion. 14 Over one-year measurements, the temporal patterns of soil N-oxide fluxes were influenced by 15 soil mineral N and water contents. Across landscapes, annual soil N 2 O emissions were 16 controlled by gross nitrification and sand content, which also suggest the influence of soil N 17 and water availability. Soil N 2 O fluxes (µg N m -2 h -1 ) were: 7 ± 2 to 14 ± 7 (reference land 18 uses), 6 ± 3 to 9 ± 2 (rubber), 12 ± 3 to 12 ± 6 (smallholder oil palm), and 42 ± 24 (large-scale 19 oil palm). Soil NO fluxes (µg N m -2 h -1 ) were: -0.6 ± 0.7 to 5.7 ± 5.8 (reference land uses), -20
1.2 ± 0.5 to -1.0 ± 0.2 (rubber) and -0.2 ± 1.2 to 0.7 ± 0.7 (smallholder oil palm). To improve 21 estimate of soil N-oxide fluxes from oil palm plantations in this region, studies should focus 22 on large-scale plantations (which usually have two to four times higher N fertilization rates 23 than smallholders) with frequent measurements following fertilizer application.
Introduction 1
Expansion of industrial forestry and agriculture has caused rapid deforestation in Sumatra, 2 Indonesia, resulting in a total primary forest loss of 36 % between 1990 and 2010 (Margono 3 et al., 2012) . Nowadays, most accessible lowland rainforests have been converted (Laumonier 4 et al., 2010) into economically important crops, such as oil palm (Elaeis guineensis) and 5 rubber (Hevea brasiliensis), with an area of 9.2 million hectare (Mha) (BPS, 2016a) . 6 Indonesia is currently the principal oil palm producer and second largest rubber producer 7 worldwide (FAO, 2016), and Sumatra is the most important contributor to the Indonesian 8 production (BPS, 2016b). Despite the extent of land-use change in Sumatra, it is still 9 uncertain how forest conversion will affect soil emissions of climate-relevant N-oxide gases, 10 tropospheric ozone, which in itself is an important greenhouse gas (Lammel and Graßl, 1995) . 22 N 2 O and NO are produced in soil by the microbial processes of nitrification and 23
denitrification. The conceptual model of "hole-in-the-pipe" (HIP), which had been validated 24 by studies in the tropics (Davidson et al., 2000) , suggests that production and consumption of 1 these gases in soils are influenced by two levels of control: first, the amount of soil available 2 N, and second, the soil water content. HIP suggests that the higher the soil N availability, the 3 higher are the soil N-oxide fluxes, and that well-aerated soil conditions (low moisture 4 contents) favor for nitrification with NO as the main gaseous product while with increasing 5 water content denitrification with increasing proportion of N 2 For lowland forests on highly weathered soils in Sumatra, Indonesia, where our 1 present study was conducted, it has been shown that soil N availability (with gross rates of 2 ammonium (NH 4 + ) transformations as indices) is higher in the clay than loam Acrisol soils 3 (Allen et al., 2015), suggesting that soil texture controls soil fertility which in turn affects 4 plant productivity, soil water holding capacity, decomposition and ultimately soil-N cyclingabundance were higher in the reference land uses than the monoculture plantations (all 1 manually by applying the fertilizers at 1-m distance from the tree base, and partly 17 mechanically by broadcasting the fertilizer within 1-3 m distance from the palm rows. In 18 2015, fertilizers were mainly mechanically broadcasted within these inter-rows. 19 20
Soil N-oxide fluxes and supporting soil factors 21
In the first part of our study, soil N 2 O fluxes were measured in all land uses (32 plots) at 22 monthly interval from December 2012 to December 2013, whereas soil NO fluxes were 23 measured four times between March and September 2013 (Appendix Table A1 ). Two forestsites and one jungle rubber site in the clay Acrisol landscape were not measured for soil NO 1 fluxes due to difficulty in accessing these sites that did not allow us to stabilize the NO 2 detector during transport in the field (i.e., using motorcycle on very rugged trails). Soil NO 3 fluxes were not measured as frequently as N 2 O fluxes because these fluxes were always very 4 low at all sites and we decided to stop this measurement in September 2013. In the follow-on 5 study, soil N 2 O fluxes were measured more frequently (biweekly from July 2014 to July 6 2015; Appendix Table A1 ) in a large-scale oil palm plantation PTPN VI (in congruent with its 7 high fertilizer application rate) to compare with the smallholder oil palm plantations within 8 the same landscape of the loam Acrisol soil. 9
For the first part of our study, we used randomly installed chamber bases (with the 10 distances to the tree base between 1.8 and 5 m) with monthly measurements, which may have 11 missed the N fertilizer-induced pulse of soil N-oxide emissions in the smallholder oil palm 12 plantations (Veldkamp and Keller, 1997; Veldkamp et al., 1998). Therefore, we conducted 13 more intensive measurements of soil N 2 O fluxes during 3 to 8.5 weeks (with 6 to 11 sampling 14 days) following fertilizer application at three of the smallholder oil palm plantations within 15 each landscape. These measurements served to characterize the short-term, N fertilizer-16 induced contribution (e.g., Koehler et al., 2009) to total N 2 O fluxes. Soil NO fluxes were also 17 measured during 6 to 8.5 weeks (with 9 to 10 sampling days) following fertilizer application 18 at one of the smallholder oil palm plantations within each landscape. Measurements in the 19 three smallholder oil palm plantations at each landscape were conducted during October-20
December 2013, January-March 2014, and February-April 2014 (Appendix Table A1 ). We 21 applied the same fertilizer forms, rates and methods as used by the smallholders. Three oil 22 palm trees were selected in each of the six sites. In the clay Acrisol landscape, each tree was 23 applied with 2 kg complete NPK fertilizer (equivalent to 0.32 kg N tree -1 ), whereas in the 24 loam Acrisol, each tree was applied with 2 kg of combined complete NPK, ammonium sulfate 25 and KCl fertilizers (equivalent to 0.26 kg N tree -1 ). The fertilizer was applied within 0.8-1 m 1 distance from the tree base. We installed three permanent chamber bases at various distances 2 from the tree base: 0.3 m from the tree base (F1 = chamber location with incidental 3 fertilization), 0.8 m from the tree base that was on the fertilized area (F2 = fertilized chamber 4 location), and 4-4.5 m from the tree base that was in the middle of the inter-rows and served 5 as the reference chamber without fertilizer application (NF = non-fertilized chamber location). 6
Soil N 2 O fluxes were measured using the same methods employed in our earlier 7 studies (e.g., Corre et al., 2014; Koehler et al., 2009). During gas sampling, the permanently 8 installed chamber bases were covered with static vented, polyethylene hoods (chamber area of 9 0.05 m 2 and total volume of 12 L), and four gas samples (30 mL each) were taken at 1, 11, 21 10 and 31 min after chamber closure by connecting a syringe with a Luer-lock connection to the 11 chamber sampling port. Gas samples were immediately injected into pre-evacuated 12 mL 12
Labco Exetainers sealed with rubber septa (Labco Limited, Lampeter, UK), maintaining an 13 overpressure; these exetainers have been tested by our group to be leak proof during extended 14 period of storage (e.g., up to 6 months) (Hassler et al., 2015) . Within 3-4 months the gas 15 samples were transported by airfreight to Germany and were analyzed upon arrival using a 16 gas chromatograph with an electron capture detector (GC 6000 Vega Series 2, Carlo Erba 17
Instruments, Milan, Italy). For the measurements from March-July 2015 in the large-scale oil 18 palm plantation PTPN VI, the gas samples were analyzed with another gas chromatograph 19 (SRI 8610C, SRI Instruments Europe GmbH, Bad Honnef, Germany), which had been 20 previously cross-calibrated using the same standards. For calibration, three standard gases 21
were used with concentrations of 360, 1000 and 1600 ppb N 2 O (Deuste Steininger GmbH, 22
Mühlhausen, Germany). 23
Soil NO fluxes were measured (described in detail in our earlier works, e.g., Corre et 1 al., 2014; Koehler et al., 2009) using the same chamber bases described above. During 2 measurements, the chamber bases were covered with dynamic vented, polyethylene hoods 3 (total volume of 12 L), and NO concentrations were measured in situ during 5-7 min 4 following chamber closure using a Scintrex LMA-3 chemiluminescence detector (Scintrex, 5
Ontario, Canada), in which NO is oxidized to NO 2 by a CrO 3 catalyst after which it reacts 6 with a luminol solution. Calibration of the NO detector was carried out at each site prior to 7 and after measurements using a two-point calibration of a standard gas with 3000 ppb NO 8 (Deuste Steininger GmbH, Mühlhausen, Germany) which was diluted using dried ambient air. 9 NO measurements were recorded every 5 seconds using a data logger (CR510, Campbell 10 Scientific, Logan, USA). to each chamber base using a digital thermometer. Soil samples were taken at 1 m distance 14 from the four chambers, pooled, mixed thoroughly, and subsampled for immediate extraction 15 of mineral N in the field, using prepared extraction bottles containing 150 mL 0.5 M K 2 SO 4 . 16
Upon arrival at the field station, extraction bottles were shaken for 1 h, filtered and extracts 17 were frozen immediately. The remaining soil sample was used to determine the gravimetric 18 moisture content (by oven-drying for at least 1 day at 105 °C), whereby WFPS was calculated 19 using a particle density of 2.65 g cm -3 for mineral soil and the measured soil bulk density at 20 our study sites (Allen et al., 2015) . During the measurements following the fertilizer 21 applications, soil was sampled close to each of the chamber locations F1, F2 and NF 22 (described above) and was processed separately for mineral N extraction and WFPS 23 determination. Frozen extracts were transported by airfreight to Germany and analyzed for Table A2 . 10 11
Statistical analysis 12
We first tested each parameter for normal distribution (Shapiro-Wilk's test) and equality of 13 variance (Levene's test), and a logarithmic transformation was applied when these 14 assumptions were not met. Linear mixed-effect (LME) models (Crawley, 2007) were used to 15 assess differences in N-oxide fluxes between landscapes for the reference land uses (testing 16 H1) or to assess differences in N-oxide fluxes among land uses within each landscape (testing 17 H2). Furthermore, a LME model was applied to assess differences in soil N 2 O fluxes between 18 the smallholder and large-scale (PTPN VI) oil palm plantations (as a follow-on study) within 19 the loam Acrisol landscape. The LME models were also used to asses fertilization effects (i.e., 20 as represented by the chamber locations F1, F2 and NF) on soil N-oxide fluxes from 21 smallholder oil palm plantations and to test differences in N-oxide fluxes between landscapes 22 following fertilization for chamber locations F1 and F2. The detailed descriptions of the LME 23 variance with Fisher's least significant difference test for multiple comparisons. We set the 1 statistical significance at P ≤ 0.05 and, only for a few specified parameters, we also 2 considered marginal significance at P ≤ 0.09 because our experimental design encompassed 3 the inherently high spatial variability in our study area (e.g., Hassler et al., 2015). 4
To assess the temporal relationships between soil N-oxide fluxes and soil factors 5 (temperature, WFPS, NO 3 -and NH 4 + ), we used the means of the replicate plots per land use 6 on each of the 12 monthly measurements and conducted Pearson's correlation test separately 7 for the reference land uses (forest and jungle rubber, n = 48 (N 2 O), n = 16 (NO)) and the 8 converted land uses (rubber and oil palm, n = 48, (N 2 O), n = 16 (NO)) across landscapes for 9 the whole year. Similarly, for soil N 2 O and NO fluxes following fertilizer application from 10 smallholder oil palm plantations, we used the means of the three replicate trees per chamber 11 location on each sampling day and conducted Pearson's correlation test for each site across 12 the entire measurement period of fertilization effects (n = 6-11). To assess the spatial controls 13 of soil biochemical characteristics (Appendix Table A2 
Soil N-oxide fluxes
In the reference land uses (forest and jungle rubber), N 2 O was the dominant N-oxide emitted 1 from soils. In the clay Acrisol landscape, there was a net NO consumption in the soil of the 2 jungle rubber (Table 1) . Soil N 2 O and NO fluxes from reference land uses were comparable 3 between the two landscapes (P = 0.54-0.74; Table 1 ; Fig. 1a, b) . These fluxes also 4 exemplified high inherent spatial and temporal variations as indicated by their large standard 5 errors. 6
In the converted land uses (smallholder rubber and oil palm plantations), soil N 2 O 7 fluxes were similar to the fluxes of reference land uses (P = 0.58-0.76; Table 1 Table 1 ). However, in the loam Acrisol landscape, soil NO 14 fluxes were marginally lower (P = 0.07) in rubber plantations (with net NO consumption in 15 the soil) than in jungle rubber (with net NO emission), whereas they were intermediary in 16 forests and oil palm plantations (Table 1) . 17 respectively) during the 3 to 8.5 weeks following fertilizer applications (all P < 0.01-0.03; 24 Table 2 ; Fig. 2c, d ). In the chamber location closest to the tree (chamber location F1 at 0.3 m 25 from the tree base), soil N 2 O emissions were also 25 times higher compared to the reference 1 chamber location NF in the clay Acrisol landscape (all P < 0.01; Table 2 ; Fig. 2a ). In the loam 2 Acrisol landscape, we only detected such an effect in site 2 which displayed 16 times higher 3 soil N 2 O emissions in chamber location F1 compared to the reference chamber location NF (P 4 = 0.03; Table 2 ; Fig. 2b) . 5
In the clay Acrisol landscape, soil N 2 O emissions in chamber location F2 increased 6 immediately after fertilizer application, reached a peak within 9 days following fertilizer 7 application and stayed elevated for at most 2 months (Fig. 2c) . In the loam Acrisol landscape, 8 N 2 O fluxes in chamber location F2 increased within the first 5 days, reached maximum fluxes 9 within 5-21 days and remained elevated for at most 6.5 weeks (Fig. 2d ). Soil N 2 O fluxes in 10 chamber location F1 displayed a similar but less pronounced pattern as those of chamber 11 location F2 in both landscapes (Fig. 2a, b) . 12
Considering the area coverage (4 % of the area in a hectare, based on the number of 13 trees ha -1 ) and time span of fertilizer-induced N 2 O emissions, their average contributions were 14 21 % to the annual fluxes in the clay Acrisol landscape (with its usual fertilizer application of 15 once a year), and only 6 % to the annual fluxes in the loam Acrisol landscape (with its 16 common fertilizer application of twice a year) ( Table 1) . 17 Compared to the unfertilized area (chamber location NF), soil NO fluxes from the 18 fertilized area (chamber location F2) had on average 357 times (clay Acrisol) and 238 times 19 (loam Acrisol) higher fluxes (both P < 0.01) during 6 to 8.5 weeks of measurements 20 following fertilizer application (Table 2 ; Fig. 3c, d ). No differences in soil NO fluxes were 21 detected between chamber locations F1 and NF (P = 0.10-0.12; Table 2 ; Fig. 3a, b) . Soil NO 22 fluxes in chamber location F2 peaked after 10 days in the loam Acrisol and after 3 weeks in 23 the clay Acrisol landscape (Fig. 3c, d) , and returned to the background fluxes after 6-8.5
weeks with a drastic drop after 3-5 weeks (Fig. 3c, d) . In chamber location F1, soil NO fluxes 1 increased quickly and decreased to the background fluxes within at most 16 days following 2 fertilizer application (Fig. 3a, b) . As was the case for the monthly sampling, soil N 2 O fluxes 3 from chamber locations F1 and F2 were larger than soil NO fluxes for both landscapes, (Table  4 2; Fig. 2a-d and 3a-d) . Comparing between landscapes, soil N 2 O fluxes from chamber 5 location F2 were higher in the clay than loam Acrisol soils (P = 0.09; Table 2 ; Fig. 2c, d ) but 6 were comparable for chamber location F1 (P = 0.41; Table 2 ; Fig. 2a, b) and for soil NO 7 fluxes of both chamber locations (P = 0.45-0.78; Table 2 ; Fig. 3a-d) . 8
Fertilizer-induced soil NO fluxes in the loam Acrisol landscape were 0.07 ± 0.02 kg 9 NO-N ha -1 yr -1 , which was roughly the same as our extrapolated annual value of 0.06 ± 0.06 10 kg NO-N ha -1 yr -1 from the four measurement periods (Table 1 ). In the clay Acrisol 11 landscape, fertilizer-induced soil NO fluxes were 0.12 ± 0.04 kg NO-N ha -1 yr -1 , which was a 12 net emission compared to our extrapolated annual value with a net sink of -0.02 ± 0.11 kg 13 NO-N ha -1 yr -1 , based on the four measurement periods ( Table 1 ). The percentages of 14 combined soil N 2 O and NO fluxes to the applied N fertilizer rate were on average 0.73 % yr (Table 3 ). In the converted land uses, soil N 2 O fluxes were also positively correlated 21 with soil NO 3 -contents (Table 3 ). There were no significant correlations observed between 22 soil NO fluxes and soil factors in the converted land uses due to the very low NO emissions 23 and even net NO uptake. 24
From the fertilizer application experiment in the smallholder oil palm plantations, the 1 location directly receiving fertilizer (chamber location F2) showed positive correlations of 2 soil N 2 O fluxes with soil NH 4 + and/or NO 3 -contents in three of the six sites (Table 4) . Here, 3 also soil NO fluxes correlated positively with soil NO 3 -contents in the loam Acrisol but not in 4 the clay Acrisol (Table 4 ). In chamber location F1, positive correlations of soil N 2 O fluxes 5 with soil NH 4 + and/or NO 3 -contents were observed in four of the six sites ( Table 4 ). The 6 correlations of soil N 2 O fluxes with mineral N for chamber location F1 in site 2 of the clay 7 Acrisol landscape were caused by one measurement period with very high flux, and exclusion 8 of this observation resulted in a none significant correlation. For soil NO fluxes from chamber 9 location F1, we did not detect any significant correlation with soil factors (Table 4) . A 10 positive correlation of soil N 2 O fluxes with WFPS was observed for chamber locations F1 and 11 F2 in site 1 of the loam Acrisol landscape, whereas this correlation was negative for chamber 12 location F1 in site 3 of the same landscape (Table 4) . We also detected a negative correlation 13 between soil NO fluxes and WFPS for chamber location F2 in site 3 of the clay Acrisol, 14 whereas in the same site soil NO fluxes and WFPS were positively correlated for the 15 unfertilized chamber location NF (Table 4) ., 2000) . WFPS in the reference land uses were ≥ 60 % (Appendix Table A3 , 7 except in jungle rubber of the loam Acrisol with 54 % WFPS). Hence, it was not surprising 8 that our measured soil NO fluxes were close to zero or showed net consumption (Table 1) ; the 9 high WFPS may have led to NO reduction to N 2 O (Conrad, 1996; Pilegaard, 2013). This was 10 supported by the negative correlation between soil NO fluxes and WFPS (Table 3) . Hence, we reason that we did not detect differences in N-oxide fluxes with land-use 6 conversion to rubber and oil palm plantations because we started with low soil N availability 7 and low N-oxide emissions and any changes were probably too small to detect statistically. 8
The temporal pattern of soil N 2 O fluxes in the converted land uses were also controlled by 9 soil NO 3 -contents (Table 3) 
.3). 22
The lower soil NO fluxes in rubber compared to jungle rubber in the loam Acrisol 23 (Table 1 ) partly supports our second hypothesis. These differences might be related to the low 24 WFPS and the higher soil NO 3 -contents in jungle rubber (Appendix Table A3 ), which could 25 favor the relatively high soil NO emissions; this was also supported by the opposing 1 correlations of soil NO with NO 3 -and WFPS (Table 3) . Additionally, the low soil NO fluxes 2 from rubber plantations could be the result of the effect of monoterpenes, produced by rubber 3 trees, which reduce nitrification in soil (Wang et al., 2007; White, 1991) . This is supported by 4 low gross nitrification rates (measured in the same plots by Allen et al., 2015), low soil NO 3 -5 contents (Appendix Table A3 ) and consequently low soil NO fluxes in rubber plantations 6 (Table 1) . 7 Table 4 ) again attested that when the first level of control 23 (soil N availability) was favorable (i.e., high soil mineral N contents in these fertilized 24 chamber locations) the control of soil moisture on aeration status was enhanced, as suchcorrelation was not seen in the unfertilized area (chamber location NF) or in the monthly 1 measured fluxes (Tables 3 and 4 Table 4 ). In summary, the short-term effect of fertilization also depicted the two levels 8 of controls on soil N-oxide fluxes as exemplified in the HIP model. 9
10

Conclusions 11
Our study provides the first spatially replicated study with a full year of measurements (at 12 
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